Hydrogen isocyanide (HNC) has been proposed as an important intermediate in oxidation of HCN in combustion, but details of its chemistry are still in discussion. At higher temperatures, HCN and HNC equilibrate rapidly, and being more reactive than HCN, HNC oers a fast alternative route of oxidation for cyanides. However, in previous modeling it has been required to omit the HNC subset partly or fully in the reaction mechanisms to obtain satisfactory predictions. In the present work, we re-examine the chemistry of HNC and its role in combustion nitrogen chemistry. The HNC + O 2 reaction is studied by ab initio methods and is shown to have a high barrier. Consequently, the omission of this reaction in recent modeling studies is justied. With the present knowledge of the HNC chemistry, including an accurate value of the heat of formation for HNC and improved rate constants for HNC + O 2 and HNC + OH, it is possible to reconcile the modeling issues and provide a satisfactory prediction of a wide range of experimental results on HCN oxidation. In the burned gases of fuel-rich ames where HCN and CN are partially equilibrated and the sequence HCN +M −→ HNC +OH −→ HNCO is the major consumption path for HCN. Under lean conditions HNC is 1 shown to be less important than indicated by the early work by Lin and coworkers, but it acts to accelerate HCN oxidation and promotes formation of HNCO.
Introduction
In combustion processes, cyanides may be formed from devolatilization of fuels with organically bound nitrogen, from reaction of hydrocarbon radicals (CH, C) with N 2 (the initiating step in prompt NO formation), from reaction of reactive nitrogen species such as NO or amines with hydrocarbon radicals, or from decomposition of hydrocarbon amines. 15 In suciently fuel-rich hydrocarbon ames it appears that hydrogen cyanide (HCN) is the dominant nitrogenous species leaving the primary reaction zone, regardless of the source of the nitrogen, 68 and it is considered the predominant cyanide species in combustion. The oxidation chemistry of HCN has been studied extensively over the years. Much of this work was reviewed recently by Dagaut et al. 9 An unresolved issue in the oxidation chemistry of HCN is the role of its isomer, hydrogen isocyanide (HNC). As suggested initially by Lin et al., 10 isomerization of HCN to HNC, followed by oxidation of HNC, represents an alternative pathway for HCN oxidation. The reactivity of HNC is quite dierent from that of HCN Since these steps are presumably much faster than the corresponding reactions of HCN with OH and O 2 , they serve to enhance the consumption rate of HCN and convert the cyanide pool to isocyanide species and amines. According to Dagaut et al., 9 the impact of HNC on HCN consumption is most pronounced for the conditions in shock tubes and ow reactor systems, while it is less important in laminar premixed ames. However, inclusion of a kinetic subset for HNC with the accepted thermochemistry for this species and rate constants for HNC reactions drawn from the evaluation of Dean and Bozzelli 11 leads to a considerable reduction in the accuracy of modeling predictions when compared to experimental data. 9 To obtain acceptable modeling accuracy, Dagaut et al. 9 omitted HNC + O 2 (R16) from their reaction mechanism; otherwise predicted ignition delays for HCN under shock tube conditions were too low by an order of magnitude. Dagaut et al. concluded in their review that further work was needed to assess the kinetics of HNC reactions, in particular that of HNC + O 2 . This suggestion was supported by Gimenez-Lopez et al. 12 in a recent ow reactor study on HCN oxidation in a CO 2 /N 2 atmosphere, where they found inclusion of the HNC + O 2 reaction to lead to overprediction of the HCN consumption rate.
While the importance of HNC in combustion systems has attracted only modest interest, 911,13,14 the properties of hydrogen isocyanide have been studied extensively 1567 due in part to its small size, which allows for study at high levels of theory, and in part to its potential importance in astrochemistry. The objective of the present work is to re-evaluate the HNC chemistry, with particular emphasis on HNC + O 2 which is studied by ab initio methods, and assess the implications for modeling HCN oxidation in combustion.
3

Detailed Kinetic Model and Ab Initio Calculations
The cyanide subset of the chemical kinetic model was based on the work of Dagaut et al. 9 In the present study, the thermochemistry of HNC, as well as rate constants for the reactions involved in forming or consuming HNC, was re-evaluated. In addition, the hydrogen and amine chemistry subsets were updated based on recent work. 5, 6875 The full model is available as supplementary material.
The thermodynamic properties of HNC are important, since they determine the HNC/HCN ratio at high temperatures where the two isomers equilibrate rapidly. The high values of ∆H 0 f298 (HNC) determined by Wenthold 45 and Barber et al. 61 would diminish the importance of HNC in combustion modeling. However, they are called into question in the recent study by Nguyen et al. 67 who investigated the HCN → HNC 0 K isomerization energy by combining state-of-the-art electronic structure methods with the Active Thermochemical Tables (ATcT) approach. They found the energy dierence between HCN and HNC at 298 K to be 15.1 kcal mol −1 . This is substantially lower than the values of Table 2 lists thermodynamic properties for HNC, HCN and CN. The thermodynamic properties in the present work were generally adopted from the Ideal Gas Thermochemical Database by Goos, Burcat and Ruscic, 78 with properties obtained using the Active Thermochemical Tables (ATcT) approach. 79, 80 Table 3 lists key reactions of HCN and HNC from the chemical kinetic model. There are no reported experimental studies of HNC reactions and rate constants have been obtained from theory. However, from the available theoretical studies it is obvious that the reactivity of HNC is quite dierent from that of HCN. HNC can be formed by isomerization of HCN,
or by reaction of HCN with H,
HCN + H HNC + H (R12b)
The isomerization step has been studied extensively by theory. 10, 11, 32, 34, 35, 38, 42, 49, 52, 53, 64 Estimates of the barrier for the isomerization range from 44.7 to 48.2 kcal mol −1 . 10, 11, 32, 34, 35, 38, 42 With a barrier of this magnitude, isomerization (R2) is much faster than thermal dissociation of HCN (R1), and HCN will isomerize fairly easily to HNC at medium to high temperatures.
Following Dagaut et al., 9 we have adopted the rate constant for (R2) from the evaluation of Dean and Bozzelli, 11 but modied the activation energy to reect the larger energy separation between HCN and HNC. Also reaction (R12b) has been studied theoretically, 85 The most important consumption reaction of HNC is presumably HNC + OH, HNC + OH HNCO + H (R14) Figure 1 shows an Arrhenius plot for the reaction. In their early evaluation, Lin et al. 10 calculated an activation energy for (R14) of 3.7 kcal mol −1 . Recently, the reaction was studied at a high level of theory by Bunkan et al. 86 for the 250-350 K range. They predict the rate constant to have a slight negative temperature dependence, at least at low temperatures.
Their reaction path shows a pre-reaction complex followed by a transition state (TS) whose energy is ∼ 1.1 kcal mol −1 below that of the reactants. Their RRKM kinetic analysis should correctly allow for the lack of population of energy levels of the TS below the reactants at modest pressures. Based on a recomputation of the unpublished CCSD(T) frequencies of the TS, we have made a preliminary assessment of the high pressure limit via transition state theory. This calculation indicates that k 14,∞ may reach a minimum and then increase at higher temperatures. However, more work is required to calculate accurately the eect of temperature and pressure on this reaction. In the current work, we have extrapolated directly the results from Bunkan et al. to higher temperatures with a small negative activation energy ( Fig. 1 However, Dagaut et al., 9 found it necessary to omit the HNC+O 2 reaction in their modeling study to obtain consistency with experimental results. More recently Gimenez-Lopez et al. 12 and Lamoreux et al. 14 
The rate constant for H-abstraction channel to form CN + H 2 O (R7) has been measured directly both in the forward and reverse direction. Figure 2 shows an Arrhenius plot for this step. Wooldridge et al. 83 determined k 7 from CN and OH time histories in shock tube experiments. The results shown from Jacobs et al. 90 were obtained for the reverse reaction and have been converted using the present thermodynamic properties for the involved species.
The two data sets are in very good agreement, indicating that the rate constant for this reaction is known quite accurately. 
Results and Discussion
This section aims to clarify the role of HNC in oxidation of HCN at medium to high temperatures relevant for combustion. Hydrogen cyanide is presumably the most important precursor of HNC in combustion, and the expected role of HNC is to accelerate the HCN consumption, converting it to isocyanides and amines.
Haynes 8 investigated the decay of hydrogen cyanide in the burnt gases of a number of fuel-rich, atmospheric pressure hydrocarbon ames. Independent of the type of nitrogen additive (ammonia or pyridine), it was converted to HCN in the reaction zone of the ame, with smaller amounts of NO. In the post-ame zone, HCN was slowly converted to NH 3 .
Haynes found the decay mechanism for HCN at temperatures below 2300 K to be rst order in OH, and he assumed it to be HCN + OH → (HOCN) + H or a kinetically equivalent process, with the (HOCN) isomer eventually converted to NH 3 . In Fig. 3 , dashed lines show predictions with the rate constant for HNC + OH (R14) varied by a factor of two. The results show that the predicted HCN and NH 3 proles are quite sensitive to the value of k 14 . This is conrmed by Fig. 4 , which shows the results of a sensitivity analysis for HCN and NH 3 for the conditions of Fig. 3 . For HCN, the rate constant for (R14) has by far the largest sensitivity coecient. Also the predicted NH 3 concentration is sensitive mostly to this step. The good agreement obtained in modeling for both of these species support the accuracy of k 14 at this temperature. The OH radical maintains a partial equilibrium in the post-ame reqion and modeling predictions are not sensitive to chain branching or terminating steps.
For high temperature conditions in a shock tube, the isomerization of HCN to HNC is suf-ciently rapid to occur at the same µs time scale as the observed chemistry, 11 and predicted induction times for HCN/O 2 mixtures are quite sensitive to the HNC subset. 9 Higashihara et al. 91 In Fig. 5 , data estimated from this empirical expression are compared to predictions using the chemical kinetic model. In this gure, as well as in the following, modeling predictions are shown for three dierent mechanisms:
1. The full present mechanism.
2. The present mechanism excluding the HNC subset.
3. The present mechanism with ∆H 0 f298 (HNC) -∆H 0 f298 (HCN) = 12.9 kcal mol −1 10,11,14 , and rate constants from Dean and Bozzelli 11 , including the HNC + O 2 reaction.
In the modeling of the data in Fig. 5 , the OH* induction time is dened as the time to reach 25% of the peak concentration of O. Predictions with the present model with (solid line) and without (short-dashed line) the HNC subset are both in good agreement with the measured induction times. The similarity between predictions with and without HNC indicates that this species, with the present chemistry, plays only a small role under these conditions. However, if the HNC subset is replaced by that recommended by Dean and Bozzelli, 11 the predicted induction time is lowered by more than a factor of 10, in conict with the experimental observations. The too low value for the energy separation between HNC and HCN contributes to the discrepancy, because it leads to overprediction of the HNC concentration. However, most of the dierence is caused by the fast rate constants for HNC + O 2 estimated by Dean and Bozzelli.
Wooldridge et al. 83 In Fig. 8 , jet-stirred reactor experiments reported by Dagaut et al. 92 for the oxidation of HCN are compared with modeling predictions. The modeling predictions agree well with the measured proles for HCN and NO, but HNCO is underpredicted by almost a factor of two. Exclusion of the HNC subset has only a small impact on HCN and NO predictions, but acts to increase the discrepancy for HNCO. Use of the HNC subset from Dean and Bozzelli leads to a too fast calculated consumption of HCN and has an adverse impact also on the HNCO prediction.
Conclusions
The chemistry of HNC and its role in combustion nitrogen chemistry have been re-examined.
The HNC + O 2 reaction was studied by ab initio methods and shown to have a high barrier.
With an updated kinetic subset for the HNC chemistry, including an accurate value of the 
